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Purpose: Cartilage has a low regenerative capacity and research has recently focused 
on regenerative medicine and the construction of three-dimensional scaffolds for 
cartilage production. The aim of the study was to compare three types of 
polycaprolactone scaffolds (PCLs) and to characterize the produced cells as 
chondrocytes, using Alcian blue, a widespread histochemical staining. 
Methods: We manufactured polycaprolactone scaffolds with three different geometry 
patterns, named PCL1, PCL2 and PCL3. Adipose mesenchymal stem cells ADMSCs 
were harvested and were cultivated on all scaffolds. After 26 days of culture, scaffolds 
were histologically examined. 
Results: Chondrocytes and extracellular material in scaffolds were revealed by alcian 
blue staining. In all three types of scaffolds extracellular matrix high in proteoglycans 
was produced. Small cells were usually found in three-dimensional, tight groups. 
Larger cells were often identified in flat groups with more extracellular material. In 
PCL2 scaffolds, cells were usually more rounded and often appeared to be inside 
lacunae. Perichondrium was detected. 
Conclusion: Chondrogenesis was achieved in all three types of scaffolds. In all cases 
we identified cells at various stages of maturation. In the PCL2 scaffold, cells appeared 
more mature, suggesting that this type of scaffold may be a little more favorable for 
chondrogenesis. 
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ADMSCs          Adipose mesenchymal stem cells 
 
AB                    Alcian blue dye 
 
GAGs               Glycosaminoglycans 
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Cartilage tissue is a common and basic 
structure in the human body. It offers 
both structural support and flexibility. 
There are three types of cartilage: 
hyaline (i.e., articular), fibroelastic (i.e., 
meniscus) and elastic (i.e., trachea). 
Cartilage tissue of all three types 
consists of chondrocytes which secrete 
glycosaminoglycans (GAGs) and 
proteins. These components form a 
cartilaginous extracellular matrix that 
provides structural support to cells 
(Theodoridis et al., 2019). The high 
concentration of GAGs retains a high 
hydration. Thus, a fluid and a solid 
phase (biphasic tissue) is distinguished. 
The fluid phase is mainly composed of 
water (65-85%) and the solid phase of 
collagen type II (90-95%) (Temenoff 
and Mikos, 2000). Mature chondrocytes 
exhibit a low metabolic activity thus 
damaged cartilage tissue has limited 
capacity for regeneration (Temenoff 
and Mikos, 2000; Moutos and Guilak, 
2010). Till today there is no fully 
successful method to treat these 
damages and total reconstruction of 
large cartilage defects with restoration 
of the native’s cartilage mechanical 
properties, have not been succeeded 
(Versier and Dubrana, 2011; Li et al., 
2017; Armiento et al., 2018). 
During recent years, research has 
focused on regenerative medicine and 
the use of scaffolds for development of 
3D cell cultures (Koledova, 2017). In 
the present study we present 
cartilaginous implants developed on 
3D-printed scaffolds, after 
mesenchymal stem cell differentiation. 
Stem cells originate from human 
adipose tissue. Scaffold production is 
performed with an additive 
manufacturing method using 3D 
printing technology. In this way greater 
customization, higher control over the 
architecture and high reproducibility 
are succeeded. Scaffolds can be 
fabricated for next generation cartilage 
implants, personalized to a specific 
cartilage defect size and shape with 
tailored made mechanical properties, 
better resembling the anatomy and 
physiology of the native cartilage 
(Moutos et al., 2016).  
The histological identification of the 
produced cartilage tissue was 
performed with Alcian blue dye (AB) 
which is commonly used for this reason. 
There are numerous recent studies that 
use AB to identify cartilage tissue (Ker 
et al., 2015; Calabrese et al., 2017; 
Chen, Kuo and Chen, 2018). AB stains 
mucins, which are glycosylated 
proteins produced by epithelial cells 
(especially gastric), and 
mucopolysaccharides in the 
extracellular fluid of cartilage tissue. 
 
Materials and methods 
 
Fabrication of scaffolds 
3D printed scaffolds were fabricated by 
polycaprolactone (PCL) using a 
desktop 3D-Printing machine PRUSA 
i3. Cylindrical scaffolds were 
composed, 10mm in diameter and 3mm 
in height, with three different geometry 
patterns. The first pattern (designated as 
PCL1) was a rectilinear layer pattern, 
infill density of 65% and rectilinear 
pores with sizes of 200μm. The second 
pattern (designated as PCL2) was 
designed with a rotational layer loop of 
an angle, but the first two layers from 
the top had a rectilinear relationship 
between them, with 60% infill density. 
This type of scaffold had pores with 
sizes ranging from 135 to 285μm. The 
third pattern (designated as PCL3) was 
a three-dimensional honeycomb-like 
structure with a hexagonal cellular 
distribution and infill density of 60%. 
This pattern had small squares and 
hexagonal pore shapes, ranging from 
150 to 700μm sizes, lying above each 
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other like a stairway. Totally 18 
scaffolds were fabricated, 6 samples of 
each pattern. After fabrication, we used 
a 4M NaOH bath for 18-20h to make 




Human adipose tissue was isolated by 
lipoaspiration procedure from 
deidentified donors (healthy females, 
age 40-45), under Papageorgiou 
Hospital Review Board approved 
protocols (263-7/12/2016) and patient 
informed consent. Adipose-derived 
mesenchymal stem cells (ADMSCs) 
were isolated, expanded and 
characterized. The cell suspension was 
applied drop wise on top of the 
scaffolds, scattering equal quantities of 
cells all over the scaffolds’ surfaces. 
Adhesion of the cells was allowed into 
the porous structures and after 6 days, 
chondrogenic medium replaced the 
expansion medium. That was applied 
for 26 days, based on a-MEM, 15% 
FBS, 0.1mM L-ascorbic acid 
phosphate, 2mM Glutamine, ITS, 
100nM dexamethasone and 10ng/mL 
transforming growth factor-β2, 




The specimens were fixed in 10% v/v 
neutral buffered formalin overnight at 
RT. After fixation the constructs were 
dehydrated in graded ethanol series, 
followed by immersion in a toluole bath 
for 5min and then were embedded in 
paraffin at 55ºC for 60min. After 
blocking, paraffin cubes were cut into 
10μm thick sections. Selected sections 
were stained in an alcian blue solution 
(1% w/v pH= 2.5, adjusted with 3% 
glacial acetic acid) for 30min. The 
sections were finally dehydrated and 
covered to be observed under a light 
microscope.  
Selected sections were heated at 60oC 
for 30min, deparaffinized, hydrated and 
then stained with Hematoxylin and 
Eosin. Sections were then dehydrated 
and covered as well, to be studied with 
a light microscope. 
 
Results 
We studied the sections of the scaffolds 
on 6th day. The groups of cells observed 
are relatively scarce, with a small 
predominance nearer to the top and 
bottom surfaces of the scaffold. The 
cells are small, with little cytoplasm 
present and round and small nuclei. 
There are very tight, three dimensional 
groups of cells which are very closely 
situated to each other. Extracellular 
matrix is not abundant, but it is often 
near the groups of cells.  
After 26 days in chondrogenic medium 
we observe more mature cells and more 
extracellular matrix present. The cells 
are larger and oval, or spindle shaped 
with a recognizable cytoplasm. cells are 
often identified in flat groups, with 
more extracellular material. In group 
PCL2 and in a few cell clusters, the cells 
look more rounded shaped and appear 
to be inside lacunae. In all 3 groups, a 
perichondrium seems to have formed in 
the periphery of many groups of cells. 
AB staining reveals the production of 























Figure 1. Hematoxylin-Eosin and 
Alcian blue staining of the adipose 
derived stem cells (ADMSCs) seeded in 
polycaprolactone (PCL) scaffolds with 
different pore sizes and cultured 26 
days in chondrogenic medium. Cells are 
in different stages of differentiation and 
vary in appearance (A,B,C,D) H&E, 
magnification X40. (E,F,G,H) Alcian 
Blue, magnification X40, abundant 




Mucins are large glycoprotein polymers 
that are found in many organisms. They 
are found both as cell membrane-
tethered molecules coating the surfaces 
of many systems, such as the digestive, 
and as a major component of the mucus 
gel secreted by the secretory epithelium 
(Petrou and Crouzier, 2018). Various 
mucins are expressed in cartilage tissue, 
for example mucin-1 is present in the 
intervertebral disc (Gruber et al., 2017) 
and mucin-4 in articular cartilage 
(Abubacker et al., 2016).  
The use of AB staining is a modern and 
widespread method of mucin, 
proteoglycan, and glycosaminoglycan 
(GAG) identification, because of its 
many advantages, such as its easy 
application, prominent staining and 
excellent durability. These benefits 
result mainly from the fact that 
histological reagents such as water, 
alcohols, alkali, hydrocarbons, and 
weak acids, all fail to fade it (Goldstein 
and Horobin, 1974). Additionally, AB 
does not stain other tissue elements 
such as macrophages, nuclei and 
basophils (STEEDMAN, 1950). Its 
outstanding stability to chemical and 
physical manipulations is recognized 
(Scott, 1972). All the above 
counterbalance the fact that AB colors 
some complex acid 
mucopolysaccharides or acid 
mucoproteins, but fails to stain neutral 
mucoproteins, neutral 
mucopolysaccharides or glycoproteins 
(FUSARO and GOLTZ, 1960; 
Farndale, Buttle and Barrett, 1986). 
AB was developed by the Imperial 
Chemical Industries (ICI) of the UK to 
be used in the textile industry; the dye’s 
biological use begun in 1950 by H. F. 
Steedman (LTD., 2001). The technique 
was preferred and routinely used 
because of its speed, convenience and 
its unambiguous and permanent results. 
AB refers to a group of dyes; to this day 
only Alcian blue 8GS (Steedman‘s dye) 
and 8GX, which is commonly used, are 
considered trustworthy for biological 
staining (LTD., 2001). 
AB is a soluble quaternary salt of 
copper phthalocyanin (FUSARO and 
GOLTZ, 1960). It is a cationic dye 
which stains anionic tissue (Hyllested, 
Veje and Ostergaard, 2002). It dyes 
exclusively the acidic groups and the 
internal hydroxyl groups of 
carbohydrates, therefore it is a specific 
stain for acid mucopolysacharides 
(McKINNEY, 1953; ‘Methods of 
analytical histology and histo-
chemistry. By Edward Gurr. The 
Williams and Wilkins Co., 428 East 
Preston St., Baltimore 2, Md., 1959. xv 
+ 327 pp. 15 × 24 cm. Price $13’, 
1960).The highly acidic proteoglycans 
and GAG are stained, thus the 
pericellular cartilage is stained more 
readily than the intercellular (Scott, 
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1996; Hyllested, Veje and Ostergaard, 
2002; Alizadeh, Dyck and Karimi-
Abdolrezaee, 2019). The coloration 
does not result from attaching the stain 
to the hydroxyl groups of the substance 
and producing a real salt, but by 
adsorbing it on the surface of the 
molecules (FUSARO and GOLTZ, 
1960). Linkage to the substrate is 
mainly electrostatic (Scott, Quintarelli 
and Dellovo, 1964). 
Alcian blue dye is commonly used for 
the histological identification of the 
produced cartilage tissue. There are 
numerous recent studies that use AB to 
identify cartilage tissue. Chondrocytes 
that were differentiated in vitro from 
mouse fibroblasts C3H10T1 / 2, were 
stained positively with Alcian Blue and 
exhibited an increased expression of 
chondrogenic genes, including 
aggrecan (Ker et al., 2015). In another 
study, subcutaneous implantation of 
cell monocultures (chondrocytes or 
ASCs) or co-culture (chondrocytes + 
ASCs) in nude mice and histological 
analysis with alcian blue, indicated 
production of chondrocytes’ ECM 
(Calabrese et al., 2017; Chen, Kuo and 
Chen, 2018). Rui et al assessed the 
differentiation and production of 
glycosaminoglycans (GAGs) on 
tendon-derived stem cells treated with 
BMP-2 by alcian-blue staining (Rui et 
al., 2013). Human adipose-derived 
MSCs were able to differentiate into 
chondrocytes, as demonstrated by 
various methods, including staining 
with alcian blue (Calabrese et al., 
2017).  
In our study chondrogenesis was 
achieved in all three types of scaffolds, 
as confirmed histologically with alcian 
blue. Extracellular matrix high in 
proteoglycans was produced, usually 
located near cell groups. The staining 
provided the opportunity not only to 
histochemically detect GAGs, but also 
to histologically identify the cells’ 
characteristics. In all cases cells at 
various stages of maturation were 
observed. Perichondrium was also 
detected, indicating the progress of the 
maturation process. In the PCL2 
scaffold cells appeared to be more 
mature, suggesting that this type of 
scaffold may be a little more favorable 
for chondrogenesis.  
 
Conclusion 
Alcian blue method is a valid method 
for the identification of newly formed 
cartilage, for the observation of cellular 
characteristics and for monitoring the 
progress of maturation. More methods 
are of course additionally required to 
achieve a reliable and complete 
registration of cell maturation and 
differentiation and to extend these 
studies and investigate more types of 
scaffolds, in search for the ideal culture 
environment.   
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